1. Introduction {#sec1}
===============

Plant-derived natural flavonoids represent a wide variety of compounds that are enriched in fruits, vegetables, wine, tea, and other plant products. Accumulating evidence suggests that there are beneficial components in*Cotinus coggygria,*such as flavonoids, used both in herbal medicine and as a spice \[[@B1]--[@B3]\] that have been reported to possess diverse biological activities, including antioxidant, anti-inflammatory, and cytotoxic effects, on Gram bacteria \[[@B4]--[@B8]\].*Cotinus coggygria* has been used as a natural drug in the treatment of acute icteric infectious hepatitis \[[@B9], [@B10]\]. The pharmacological research shows that*Cotinus coggygria* has the effects of reducing jaundice and enzymes, promoting cholagogic effects on the gallbladder and strengthening immune function.*Cotinus coggygria* also has been reported to be used for the prevention and treatment of coronary heart disease, angina pectoris, and myocardial infarction, as well as for improving hypoxia, dissolving thrombi, and so on \[[@B11]\]. In human studies,*Cotinus coggygria* has been shown to reduce blood pressure levels in hypertensive patients, improve antioxidant status, and decrease risk factors associated with cardiovascular diseases \[[@B12]\].

Although 1,000 and 2,000 mg/kg body weight (bw) of the methanol extract of total phenolics, tannins, and flavonoids were determined in*Cotinus coggygria*, the extract showed a low level of genotoxicity \[[@B13], [@B14]\], while 500 mg/kg bw of the extract showed no genotoxic potential, and myricetin, as the major component in the extract, is responsible for the antigenotoxic and hepatoprotective properties of the methanol extract of*C. coggygria*against pyrogallol-induced toxicity \[[@B11]\]. The current research on*Cotinus coggygria* is still not deep enough, and the pharmacological effects of*Cotinus coggygria* flavonoids (CCF) are mostly limited to the anticoagulant, hemolytic, and antiliver chemical injury properties. It is generally recognized that flavonoids can exert anticancer actions, display the ability to inhibit proliferation in a variety of tumor cells, and induce apoptosis, which may be one of the mechanisms of its anticancer effects through antioxidant, scavenging free radicals; however, the anticancer effects of the total flavonoids of*Cotinus coggygria* and their roles in the apoptotic death of glioblastoma cells are not clear. Furthermore, how to exert anticancer effects by CCF to modulate the functions of phosphatidylinositol-3-kinase (PI3K), an extracellular signaling pathway that is mediated by extracellular signal-regulated kinases (ERK), is not very clear.

Glioma is the most frequent primary tumor in the central nervous system, and patients with malignant glioma have a very poor prognosis. Unfortunately, there are no well-established methods to inhibit cell growth in glioma cells \[[@B15]\]. Here, we investigated the effects of CCF on the proliferation and apoptosis in glioblastoma cells*in vitro* and characterized its anticancer effects*in vivo*. We also evaluated whether there is objective evidence that CCF regulates the PI3K/Akt pathway, and ERK proteins were also investigated.

2. Materials and Methods {#sec2}
========================

2.1. Reagents {#sec2.1}
-------------

Rutin, fisetin, quercetin, and myricetin were obtained from the National Institute for the Control of Pharmaceutical and Biological Products (NICPBP, Beijing, China). All standards were of biochemical reagent-grade and at least 95% pure as confirmed by HPLC. HPLC-grade or AR-grade organic solvents (chloroform, acetone, phosphoric acid, 95% ethanol, and methanol) were obtained from Sigma (St. Louis, MO). Annexin V and pyridine iodide (PI) were obtained from Sigma Chemical Co. (St. Louis, MO, USA). Roswell Park Memorial Institute 1640 medium (RPMI 1640), penicillin, streptomycin, trypsin-EDTA, fetal bovine serum (FBS), and L-glutamine were obtained from GIBCO BRL (Invitrogen Corp., Carlsbad, CA, USA). Anti-Akt, phosphorylated Akt antibody, anti-total ERK antibody, anti-phospho-ERK antibody, and horseradish peroxidase-conjugated anti-goat IgG secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The bicinchoninic acid (BCA) protein assay kit was purchased from Thermo Scientific (Rockford, IL, USA).

2.2. Extraction of*Cotinus coggygria* Flavonoids (CCF) {#sec2.2}
------------------------------------------------------

The plant materials of*Cotinus coggygria* Scop. were obtained from the Hubei University of Medicine and identified by Professor Jiyan Chen (the plants were collected in Shiyan City, Hubei Province, China, on December 12, 2013). The voucher samples were deposited at the Plant Specimens Center for Herbal Medicine Research at the Hubei University of Medicine (registration number: Jiaoxuebiaoben-2312C0003V0002135). Dried*Cotinus coggygria* roots and stems were ground to powders, and the powders were extracted with 95% ethanol by a liquid-liquid extraction method. Briefly, 100 g of crushed powders of the roots and stems was extracted with 95% ethanol (2000 mL) for 3 h. The extraction was boiled under reflux. Then, the alcohol extract was decolorized on a macroporous resin column (maximum absorption quantity was 1.15 g of herbs per mL of macroporous resin) and eluted with 95% ethanol (elution volumes, 10--20 BV), followed by purification using a polyamide column (diameter: 2 cm, length: 50 cm). Following the extraction, the fractions were evaporated under a vacuum.

2.3. Measuring of*Cotinus coggygria* Flavonoids (CCF) {#sec2.3}
-----------------------------------------------------

The identity and content of the compounds were confirmed by comparing the elution time of pure controls by HPLC spectrometry as described above. The samples were dissolved in deionized water. The content of each CCF sample was determined by the absorbance at 365 nm using HPLC.

2.4. Cell Culture {#sec2.4}
-----------------

U87, U251, and DBTRG-05MG glioblastoma cells were purchased from American Type Culture Collection (ATCC; Manassas, VA, USA). The cells were cultured at 37°C with 5% CO~2~ in a humidified atmosphere in Dulbecco\'s modified Eagle\'s medium (DMEM, GIBCO/Invitrogen) supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/mL), and streptomycin (100 U/mL). Glioblastoma cells were cultured*in vitro* and treated with the indicated amounts of drugs for 24 h or a shorter time, given the concentration of CCF, and dimethyl sulfoxide (DMSO) was used as a control.

2.5. Morphological Studies {#sec2.5}
--------------------------

Different concentrations (50 and 100 *μ*g/mL) of CCF or 0.1% DMSO (as a solvent control) were added to the cells. The cells were grown and incubated for the indicated time periods. Electron microscopy and morphometric analysis were performed using a fluorescence microscope (Olympus, Tokyo, Japan).

2.6. Cell Viability Assay {#sec2.6}
-------------------------

Cell viability was evaluated by the MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide) assay. Briefly, glioblastoma cells were seeded into a 96-well microplate at a density of 1.0 × 10^5^ cells/well. U87, U251, and DBTRG-05MG cells were exposed to CCF and vehicle and incubated before the cytotoxicity determination. The kinetics of killing glioblastoma cells were further detected at 12, 24, and 48 h after treatment with 25, 50, and 100 *μ*g/mL of CCF. Finally, the plates were analyzed using ELISA plate reader at a wavelength of 570 nm to measure the optical density (OD) of each well, which was proportionate to the number of viable cells in each well. Cells incubated with DMSO were used as the control group. The percentage of viable cells relative to control was obtained by dividing the average OD for the treated wells by the OD for the control wells: Cell surviving rate (%) = OD value of treated group/OD value of control group × 100%. Cell inhibition rate (%) = (1 − OD treated group/OD control group) × 100%.

When the cell surviving rate was plotted against the doses, the 50% inhibitory concentration (IC~50~) was calculated by the modified Kaber method as follows:$$\begin{matrix}
{{IC}_{50} = lg^{- 1}\left\lbrack { X_{m} - I\left\lbrack {{\sum P} - 0.5} \right\rbrack} \right\rbrack,} \\
\end{matrix}$$where *X* ~*m*~ = the logarithm of the maximal dose, *P* = the cell inhibition rate (expressed as a decimal), ∑*P* = the sum of every group in the inhibition, and *I* = the logarithm of the dose ratio between each group of two consecutive numbers.

2.7. Flow Cytometric Analysis {#sec2.7}
-----------------------------

The cell death rate was assessed by flow cytometric analysis with Annexin V/PI double staining. After glioblastoma cells were grown to 70--80% confluence, they were treated with 25\~100 *μ*g/mL CCF for 24 h. DMSO was added to each well to establish the control group. The cells were then trypsinized and harvested by centrifugation before incubation with Annexin V and PI for 15 min at room temperature. The necrotic and apoptotic rate were analyzed by flow cytometry using the Annexin V-FITC/PI kit (BestBio biotechnologies, Shanghai, China). Annexin V binds to necrotic and apoptotic cells in which phosphatidylserine is exposed to the cell surface, and the percentage of cell death was determined.

2.8. Western Blot Assay {#sec2.8}
-----------------------

For the protein analysis, the cells were harvested at 12\~24 h following different treatments, as described above, and washed with cold PBS and then incubated in ice-cold RIPA buffer. Cell lysates were sonicated for 30 s on ice and lysed at 4°C for 60 min. Then, the cell lysates were centrifuged at 12,000 g for 30 min at 4°C. Protein concentrations in the supernatants were determined by the BCA reagent. Total protein was separated by denaturing 8--12% SDS-polyacrylamide gel electrophoresis, which was resolved over and electrotransferred by semidry blotting (Bio-Rad Laboratories, Shanghai) onto a nitrocellulose membrane. The membrane was incubated with antibodies of anti-Akt, phosphorylated Akt, anti-total ERK, anti-phospho-ERK, and *β*-actin (Santa Cruz Biotechnology).

2.9. *In Vivo* Antitumor Efficacy Study {#sec2.9}
---------------------------------------

The female BALB/c mice (6--8 weeks old) used in the antitumor activity studies were purchased from the Experimental Animal Center of the Academy of Military Medical Sciences (Beijing, China) and bred under Chinese government guidelines. The animal protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of the Hubei University of Medicine. The housing and care of the animals were in accordance with the guidelines established by the University\'s Animal Research Committee and with the Care and Use of Laboratory Animals.

*In vivo* studies were performed in ectopic tumor-bearing athymic nude mice after subcutaneous injection by DBTRG-05MG cells. The mice were adequately randomized and divided into the following experimental groups: those given doses of 25 or 50 mg/kg body weight of CCF, temozolomide (TMZ) as a positive control, or saline as a control. After treatment for 7, 14, 21, and 28 d, tumor growth was tracked by regularly measuring the length of the diameter (*L*) and width (*W*) of tumors with a caliper. The tumor volume (*V*) was calculated based on the following formula: *V* (volume) = *L* × *W* ^2^/2. The inhibition rate of the tumor and the average tumor growth curve were calculated according to the following formula: inhibition rate of tumor (%) = \[(control group tumor volume − administered group tumor volume)/control group tumor volume\] × 100%.

2.10. Data Analysis {#sec2.10}
-------------------

Significance was determined using the one-way ANOVA test on the mean values of three different experiments. Significance was determined using the mean ± standard deviations (SD) and was analyzed by 2-tailed Student\'s*t*-tests using the Statistical Program for Social Sciences 13.0 software (SPSS Corp., Shanghai, China). *P* \< 0.05 was used as the cutoff for statistically significant differences.

In the Western blotting analysis, the corresponding strips used to estimate the value of the relative protein content were captured photographically through a Bio-Rad image analysis system with Image-Pro software analysis.

3. Results {#sec3}
==========

3.1. Components and Content of*Cotinus coggygria*Flavonoids (CCF) {#sec3.1}
-----------------------------------------------------------------

HPLC could provide the simplest technique for measuring the content of CCF in samples compared with reference substances as the control (Figures [1(a)](#fig1){ref-type="fig"} and [1(b)](#fig1){ref-type="fig"}). The extracted total flavonoids of*Cotinus coggygria* contained 1.03% myricetin, with a molecular weight of 318, 1.41% fisetin, molecular weight 303, 1.40% rutin, molecular weight 612, 0.09% quercetin, with a molecular weight of 338, and 0.08% of one type of flavonoid whose exact structure is not known. The total flavonoid percentage of*Cotinus coggygria* was quantitated to be 4.01%. The dried*Cotinus coggygria* was provided by the Hubei University of Medicine (Shiyan City, Hubei Province, China) and also can be prepared as described above.

3.2. Cell Morphological Changes {#sec3.2}
-------------------------------

The CCF-induced morphological changes in U87 cell death are shown in [Figure 2](#fig2){ref-type="fig"}. Compared with controls, these results demonstrated that there were marked morphological changes in U251 glioblastoma cells when treated with CCF, and these effects were dose- and time-dependent. Moreover, there was a significant effect on the viability of DBTRG-05MG cells. Then, the proportion of cell death increased with concentrations of CCF 50--100 *μ*g/mL in U87, U251, and DBTRG-05MG glioblastoma cells.

3.3. Cell Viability Assay {#sec3.3}
-------------------------

For evaluation of the cell-killing efficacy of CCF, MTT assay was performed on U87, U251, and DBTRG-05MG glioblastoma cell lines. The MTT assay demonstrated a significantly higher killing effect on tumor cells at 12, 24, and 48 h following treatment with CCF compared with controls. CCF showed a more significant cell death rate than the control ([Figure 3(a)](#fig3){ref-type="fig"}). Thus, CCF-induced time-dependent cell death compared with the control. Cell-killing efficacy (IC~50~ value) of CCF was 128.49 *μ*g/mL in U87 cells ([Figure 3(b)](#fig3){ref-type="fig"}), 107.62 *μ*g/mL in U251 cells ([Figure 3(c)](#fig3){ref-type="fig"}), and 93.57 *μ*g/mL in DBTRG-05MG cells ([Figure 3(d)](#fig3){ref-type="fig"}).

3.4. Effect of CCF on Cell Apoptosis {#sec3.4}
------------------------------------

CCF-induced cell apoptosis was significantly increased at concentrations of 25, 50, and 100 *μ*g/mL when incubated with U87 cells for 24 h ([Figure 4(a)](#fig4){ref-type="fig"}). However, U251 cells exposed to different concentrations (25--100 *μ*g/mL) of CCF for 24 h displayed necrotic cell death, which was mainly due to the necrosis population observed by Annexin V/PI assay ([Figure 4(a)](#fig4){ref-type="fig"}), while CCF-induced later apoptosis was the main cell death observed in DBTRG-05MG cells, and 0.1% DMSO controls showed no significant necrosis or apoptosis in the different glioblastoma cells. These data indicate that CCF increased the percentage of apoptotic or necrotic cell death in the different glioblastoma cells ([Figure 4(b)](#fig4){ref-type="fig"}).

3.5. Apoptosis Induced by CCF via the PI3K/AKT-ERK Pathway for Its Antitumor Mechanism {#sec3.5}
--------------------------------------------------------------------------------------

The phosphorylation of Akt (Ser473) was significantly downregulated by CCF in U87, U251, and DBTRG-05MG glioblastoma cells. The downregulation of Akt levels in U87, U251, and DBTRG-05MG glioblastoma cells by CCF (100 *μ*g/mL) is shown in [Figure 5(a)](#fig5){ref-type="fig"}. Compared with the control, CCF had no significant effect on ERK levels, while phosphor-ERK levels were downregulated by CCF in U87, U251, and DBTRG-05MG glioblastoma cells ([Figure 5(b)](#fig5){ref-type="fig"}).

Collectively, our work identified that p-Akt (Ser473) was downregulated significantly by*Cotinus coggygria*flavonoids (CCF) in U87, U251, and DBTRG-05MG glioblastoma cells. Moreover, CCF regulated the expression of ERK activity and the levels of p-ERK, which inhibited the growth and proliferation of the cells and promoted their apoptosis.

3.6. *In Vivo* Antitumor Activity of CCF {#sec3.6}
----------------------------------------

The ectopic glioblastoma xenografts were used to evaluate the antitumor efficacy of CCF. This activity was compared with that of temozolomide (TMZ) as a positive control. Compared with the blank control group, the tumor volume was markedly reduced at doses of 25 and 50 mg/kg CCF, which can inhibit the growth of tumors in mice, and there was no significant difference in the inhibited tumor growth between CCF and TMZ. The different treatment times and tumor growth curves are shown in [Figure 6(a)](#fig6){ref-type="fig"}, and the volumes of tumors and inhibited rates are shown in [Figure 6(b)](#fig6){ref-type="fig"}.

4. Discussion {#sec4}
=============

Currently, glioblastoma multiforme (GBM) is still being treated by means of radical surgery followed by radiotherapy and chemotherapy. It appears that the conventional drugs, such as temozolomide, have therapeutic benefits in prolonging the survival of GBM patients \[[@B16]\]. Targeted therapies against a genetic anomaly using specific small molecule inhibitors are now in clinical trials. Although some of them are showing promising results \[[@B17], [@B18]\], multiple genetic changes in GBM suggest that a single drug is unlikely to offer effective and complete solution to the problem \[[@B19], [@B20]\]. Therefore, combined therapy of two or more therapeutic agents may provide a better management of the disease. Instead of using many drugs together in a combination therapy, it would be ideal to make drugs that act on many of the aberrant genetic pathways simultaneously \[[@B21]\]. In search of such compounds, this work set out to study the effects of flavonoids extracted from the common ornamental plant*Cotinus coggygria*.

The use of*Cotinus coggygria* for medicinal purposes has been widespread in all ethnic groups since ancient times. The chemical compounds in this plant are termed phytochemicals. Many of these flavonoid compounds are being used as chemopreventive agents \[[@B22], [@B23]\], while others are in clinical trials for treating various ailments, including cancers \[[@B24]\]. Flavonoids that contain at least one aromatic ring bearing one or more hydroxyl groups are called phenolic compounds. Flavonoids belong to a very large subclass of the phenolic derivatives, which are abundant in fruits, vegetables, and plants. Specifically, flavonoids exhibit a wide range of biological and pharmacological activities, such as anti-inflammatory, antimicrobial, and anticancer properties, the latter including anti-invasive and antimetastatic activities \[[@B25]\]. In this study, we found that the total flavonoid extracts of*Cotinus coggygria*Scop. were responsible for the anticancer effects on glioblastoma cell growth via the induction of apoptosis, and we identified*Cotinus coggygria*flavonoids (CCF) as the major activity constituents playing a critical role in the plant\'s antitumor activity. In addition, we found that the administration of CCF decreased tumor growth and inhibited migration in orthotopic mouse models of glioblastoma (DBTRG-05MG)*in vivo*.

To the best of our knowledge, this is the first report on the details of the molecular mechanism of CCF\'s antiglioma effects. Our results indicate that CCF-induced apoptosis in glioblastoma cells via decreasing the levels of Akt and the phosphorylation of Akt, which is suppressed in the PI3K/Akt pathway, a key oncogenic pathway that promotes cell growth and survival. These results suggest that CCF suppressed the tumorigenesis of glioma through the PI3K/Akt signaling pathway. Moreover, CCF had significant effects on the levels of ERK and p-ERK proteins.

In conclusion, we demonstrated that*Cotinus coggygria*flavonoids (CCF) were the major activity constituents in the tumorigenesis of glioma through the PI3K/Akt signaling pathway. This study might provide insight into possible inhibition in the clinical treatment of glioblastoma. In summary, our studies provided rational evidence on total flavonoids of*Cotinus coggygria* for further preclinical development of a formulation that preferentially targets alternative cell death pathways to improve therapy in glioblastoma treatment and to achieve better preclinical outcomes.
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![Components and Content of*Cotinus coggygria*flavonoids (CCF). (a) Stacked HPLC traces of the total flavonoids of*Cotinus coggygria*. (b) Rutin, fisetin, quercetin, and myricetin were used as controls. The data represent the 4 components of*Cotinus coggygria* and CCF, indicating that their components are identical.](BMRI2015-856349.001){#fig1}

![Morphology and viability of glioblastoma cells. The morphological changes of U87, U251, and DBTRG-05MG glioblastoma cells that were treated with CCF for 24 h. More than one field in each group was observed by fluorescence microscopy (400x), and representative images are shown.](BMRI2015-856349.002){#fig2}

![The cell-killing efficacy of CCF treatment by MTT assay. (a) The*in vitro*cytotoxicity of CCF treatment of U87, U251, and DBTRG-05MG glioblastoma cells and the cell viability show the ability of CCF in killing cells. (b) The*in vitro* efficacy of CCF against U87 cells, (c) CCF against U251 cells, and (d) CCF against DBTRG-05MG cells. ^*∗*^ *P* \< 0.05, ^*∗∗*^ *P* \< 0.01, and ^*∗∗∗*^ *P* \< 0.001 compared with the control.](BMRI2015-856349.003){#fig3}

![The percentage of apoptosis and necrosis in glioblastoma cells induced by CCF. Glioblastoma cells were treated with the indicated concentration of CCF for 24 h. (a) CCF-induced, dose-dependent apoptosis and necrosis occurred in U87, U251, and DBTRG-05MG glioblastoma cells. The cells were stained with Annexin V-FITC and analyzed by flow cytometry. (b) Dose-dependent apoptosis and necrosis of the different glioblastoma cells were induced by CCF for 24 h. Cell death was measured as the percentage of PI-positive cells using flow cytometry. The cell death observed in the treated cells was significantly different from the control. The values of cell death (apoptosis and necrosis) reported represent values of the mean ± SD of three separate experiments. ^*∗*^ *P* \< 0.05, ^*∗∗*^ *P* \< 0.01, and ^*∗∗∗*^ *P* \< 0.001, compared with the control cells.](BMRI2015-856349.004){#fig4}

![Apoptosis induced by CCF was associated with the PI3K/AKT/ERK signaling pathway. (a) Phosphorylation of Akt (Ser473) was significantly lower in U87, U251, and DBTRG-05MG glioblastoma cells treated with CCF. CCF (100 *μ*g/mL) induced the downregulation of Akt levels in U87, U251, and DBTRG-05MG glioblastoma cells. (b) Compared with the control, CCF had no significant effects on ERK levels, and phospho-ERK levels were downregulated by CCF in U87, U251, and DBTRG-05MG glioblastoma cells. ^*∗*^ *P* \< 0.05, ^*∗∗*^ *P* \< 0.01, and ^*∗∗∗*^ *P* \< 0.001, versus the control.](BMRI2015-856349.005){#fig5}

![Effects on the tumor growth curve and tumor volume inhibition rate of the glioblastoma model. Compared with the control, ^*∗*^ *P* \< 0.05; ^*∗∗*^ *P* \< 0.01.](BMRI2015-856349.006){#fig6}
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